Understanding adaptation of biological communities to environmental change is a central issue in ecology and evolution. Metagenomic analysis of a stressed groundwater microbial community reveals that prolonged exposure to high concentrations of heavy metals, nitric acid and organic solvents (B50 years) has resulted in a massive decrease in species and allelic diversity as well as a significant loss of metabolic diversity. Although the surviving microbial community possesses all metabolic pathways necessary for survival and growth in such an extreme environment, its structure is very simple, primarily composed of clonal denitrifying c-and b-proteobacterial populations. The resulting community is overabundant in key genes conferring resistance to specific stresses including nitrate, heavy metals and acetone. Evolutionary analysis indicates that lateral gene transfer could have a key function in rapid response and adaptation to environmental contamination. The results presented in this study have important implications in understanding, assessing and predicting the impacts of human-induced activities on microbial communities ranging from human health to agriculture to environmental management, and their responses to environmental changes.
Introduction
Microorganisms are the most abundant and diverse group of life on the planet and have an integral function in biogeochemical cycling of compounds crucial to ecosystem functioning (Whitman et al., 1998) . Comprehensive characterization of microbial communities in natural systems remains a challenge due to their extremely high diversity and the as-yet uncultivated status of the vast majority of environmental microorganisms. Metagenomics and associated technologies has revolutionized the study of microbial diversity, adaptation and evolution (Riesenfeld et al., 2004; Handelsman et al., 2007; He et al., 2007) . Studies of microbial communities from several environments, including acid-mine drainage (Tyson et al., 2004) , marine water and sediments (DeLong et al., 2006; Yooseph et al., 2007) , human gut (Gill et al., 2006; Turnbaugh et al., 2007) and soils (Smets and Barkay, 2005; Voget et al., 2006) , have yielded novel insights on gene discovery, metabolism, community structure, function and evolution. Metagenomic analysis offers an unprecedented opportunity to comprehensively examine ecosystem response to environmental change, but integrated surveys of microbial communities to date have not been reported that examine the responses and adaptation of microbial communities to environmental contaminants.
Although high-throughput sequencing of microbial communities is now possible, the complexity and magnitude of most communities complicate data interpretation. Low-complexity microbial communities from extreme environments, such as acidic geothermal hot springs and contaminated sites, are ideal for high-resolution, in-depth metagenomics studies (Allen and Banfield, 2005) . In this study, a microbial community from highly uranium-contaminated groundwater was sequenced using a random shotgun sequencing-based strategy with the aim of addressing the following questions: (1) How does anthropogenic environmental change such as contamination affect groundwater microbial community diversity and structure? (ii) How does a microbial community adapt to severe environmental changes such as heavy metal contamination? (3) Can molecular mechanisms responsible for such environmental changes be predicted from the metagenomic sequence? Results reveal novel insights into microbial community diversity, structure and function in a contaminated ecosystem and predicted processes by which microbial communities adapt to extreme levels of contamination.
Materials and methods
To obtain sufficient biomass for sequencing, we extensively purged the FW106 well (several well volumes of water removed), and pumped B1700 l of groundwater from the matrix surrounding the screened area (B10 m depth) using peristaltic pumps and passed it through sintered metal (TJ Phelps, unpublished data) (589 l) or 0.2 mm Supor (Pall Corporation, Port Washington, NY, USA) filters (1126 l) to collect the biomass. High molecular weight community DNA was extracted using grinding, freezing-thawing SDS-based methods (Zhou et al., 1996) and the purified DNA was treated with RNase (Zhou et al., 1996) . The metagenome was sequenced by JGI using random shotgun methods (Tyson et al., 2004) . Double-ended sequencing reactions were performed using PE BigDye terminator chemistry (PE Applied Biosystems, Carlsbad, CA, USA) and resolved using PRISM 3730 capillary DNA sequencer (PE Applied Biosystems). Approximately 53 Mb of high-quality Q20 read sequences were obtained from B78 Mb raw sequence (three clone libraries: 20.04 Mb small insert (3 kb) pUC library, 23.13 Mb medium insert (8 kb) pMCL, 9.27 Mb large insert (40 kb) pCCiFos). The sequencing reads (66220) were assembled into 421 contigs w/420 reads (2770 contigs total, B8.3 Mb assembled DNA) using Phrap (Seattle, WA USA) as previously described (Tyson et al., 2004) , and the contigs were further assembled by paired-end analysis into 224 scaffolds ranging in size from 1.8 kb to 2.4 Mb. To account for polymorphisms expected to occur in community DNA, we allowed alignment discrepancies beyond those expected for random sequencing errors if they were consistent with end-pairing constraints. A second assembly of the FW106 metagenome was conducted using Lucy (vector and quality trimming) (Chou and Holmes, 2001 ) and the Paracel Genome Assembler (pga) (Paracel, Pasadena, CA, USA). Two independent annotations were performed on the Phrap assembly using the JGI-ORNL single genome and JGI-Integrated Microbial Resource (IMG) annotation pipelines, and the pga assembly was annotated using the IMG pipeline. The pga assembly and associated IMG annotation are available at the IMG/m database (Markowitz et al., 2008) and the FW106 read library has been deposited in GenBank (accession number ADIG00000000). Assembled scaffolds resulting from the pga assembly were assigned to phylogenetic bins using PhyloPythia (McHardy et al., 2007) and predicted genes were phylogenetically assigned by BlastP (Altschul et al., 1997) homology using the online IMG Phylogenetic Profiling and Phylogenetic Distribution tools. Gene prediction, functional assignment and metabolic reconstruction were performed automatically using internal JGI protocols. Single-nucleotide polymorphisms (SNPs) were detected from the Phrap assembled metagenomic reads using ad hoc computational methods using BioPerl (Stajich et al., 2002) . A nucleotide change was classified as an SNP in a manner similar to that described by Wu et al. (2006) : (1) sequence quality score was 420 in both the contig and read sequences, (2) there was 44-fold coverage in the affected assembly column, (3) there were differences among the other reads at that position and (4) the change was flanked by three invariable nucleotides on each side (Wu et al., 2006) . Oligonucleotide primers for cloning experiments were designed based on the assembled FW106 metagenomic sequence, and standard population genetics parameters were determined using DnaSP (Barcelona, Spain) (Rozas and Rozas, 1999) . Laterally transferred genes were detected using a combination of composition-based and phylogenetic methods as described in the main text and Supplementary Materials and Methods. Pairwise analyses of major scaffold genes were conducted using PAML (London, UK) (Yang, 1997) . Phylogenetic analyses were conducted using MEGA 4.0 (Tempe, AR, USA) (Tamura et al., 2007) for functional gene analysis and with ARB (Munich, Germany; Ludwig et al., 2004) for 16S analysis. Metagenomic sequences are deposited in the JGI-IMG database (Markowitz et al., 2008) . Details for all methods are provided in Supplementary Materials and Methods.
Results
Overview of the metagenomic sequencing Phylogenetic diversity of the sampling site. Groundwater from well FW106 at Oak Ridge Environmental Remediation Sciences Program Field Research Center (FRC) is highly acidic (pH 3.7), and contaminated with extremely high levels of uranium (among the highest in the United States), nitrate, technetium and various organic contaminants (Supplementary  Table S1 ). Microscopic analysis indicated that the microbial community was dominated by organisms representing only 2-3 different cell morphologies (Supplementary Figure S1) . Similarly, SSU rRNA gene-based phylogenetic analysis reveals very low phylogenetic diversity with a total of 13 operational taxonomic units (OTUs) from 619 sequences at the 98% sequence identity cutoff, with B87% of these sequences corresponding to the BFXI557 g-proteobacterial clone (Supplementary Figure S2) . The community is composed primarily of g-and b-Proteobacteria and dominated by Rhodanobacter-like g-proteobacterial and Burkholderia-like b-proteobacterial species (Supplementary Figure S2) .
Metagenomic sequencing. A total of B70 Mb sequence was obtained from three small, medium and large insert clone libraries and were assembled using Phrap (B8.4 Mb, 2770 contigs) and pga (B9.5 Mb, 6079 contigs) (Supplementary Table S2 ). Contigs from the pga assembly were assigned to taxonomic bins using PhyloPythia (McHardy et al., 2007) (Table 1 ; Figure 1a ). The most populated bin corresponds to the dominant g-proteobacterial group identified from the OTU analysis and this bin is designated FW106 gI. Protein recruitment plots show the most similarity to Burkholderiaceae and Xanthomonadaceae lineages (Supplementary Figure S3) ; however, the lack of closely related reference genomes complicates phylogenetic assignment of this metagenome. Although a complete FW106 gI genome could not be assembled, the relatively high degree of coverage permits extensive assembly of consensus contigs and scaffolds for this phylotype, with the largest scaffold B2.4 Mb. Comparison of the two assemblies and multiple PCR experiments using primers designed from the assembled sequences suggest that the assemblies are accurate (results not shown). A total of 12 335 putative protein-coding genes were identified from the IMG annotation of the pga assembly and functional assignments were made for B70% of the predicted genes, with B64% assigned to COG categories and B12% assigned to KEGG pathways (Supplementary Table S2; Figure 1a) . A total of 3646 (B29%) of the predicted genes had no assigned functions. Protein-coding genes were assigned to phylogenetic taxa by BlastP (NCBI, Bethesda, MD, USA; Altschul et al., 1997) homology using the IMG phylogenetic profiling tool (Figure 1b) . Although 16S rRNA analysis and field experiments show dominance of the community by g-proteobacterial species, b-Proteobacteria constituted the largest reservoir of assigned functional genes (18%) followed by g-(12%) and a-Proteobacteria (3%) (Figure 1b) . This is primarily due to the large degree of assembly of the g-proteobacterial contigs compared to assembly of b-proteobacterial contigs. The dominant lineages in FW106 based on protein assignment are Burkholderiaceae, Xanthomonadaceae and Comamonadaceae, consistent with previous analyses (Figure 1b ).
Abundance of geochemical resistance genes. Abundance profiles of FW106 genes assigned to COG functional categories compared to all sequenced bacteria show an overabundance of genes involved in DNA recombination and repair, defense mechanisms, cell motility, intracellular trafficking, energy production and conversion, lipid metabolism and transport, and secondary metabolite biosynthesis and transport ( Figure 2 ). Overabundance of defense and repair mechanisms for dealing with stress-induced damage and contaminant-specific mechanisms for dealing with heavy metals, low pH, nitrate/nitrite and organic solvents are expected to occur in the acidic heavy metal-contaminated environment of FW106. A more detailed analysis of the abundance of COG functional groups shows a strong overabundance of resistance genes likely propelled by specific contaminants such as nitrate and heavy (Figure 3 ). Accumulation of genes involved in resistance and stress response mechanisms thus appears to be a basic survival strategy used by the community in response to the specific contaminants in FW106.
Metabolic reconstruction of FW106 gI
To better understand how the FW106 microbial community responds to stress on a genomic scale and to gain a comprehensive view of the metabolic capabilities of the community, we performed metabolic reconstruction for the dominant FW106 gI phylotype. Sequence coverage of the metagenome was sufficient to produce a comprehensive metabolic reconstruction of the consensus FW106 gI species ( Figure 4 ) and a partial reconstruction of FW106 bI (data not shown). Although these reconstructions are incomplete and likely represent composite cell networks, the information obtained is sufficient to address specific questions regarding the metabolic potential of the community and to correlate this data to the FW106 contamination profile (Supplementary Table S1 ).
Reconstruction of central carbon pathways and identification of carbon transport systems suggest the community subsists primarily on simple monoand disaccharides, including cellulosic degradation products (for example, cellobiose) that may permeate into the groundwater from adjacent soil. Limited metabolism of complex carbohydrates by FW106 gI is implied by the presence of genes encoding an exoxylanase and xylose interconversion enzymes ( Figure 4 ). Complete glycolytic, TCA, pentose phosphate, Entner-Doudroff and methylglyoxal pathways are identified, as well as partial or complete organic acid metabolism pathways (acetate, lactate, butyrate, propionate and formate). Pathways are also identified for degradation of specific organic contaminants (for example, acetone, 1, 2-dichloroethene, methanol and formaldehyde). Pyruvate dehydrogenase complex components are present but not fermentative pyruvate conversion enzymes (for example, pyruvate formate-lyase or pyruvate/ferredoxin oxidoreductase). It is not known if the community carries out fermentation to a significant degree versus respiration, though Clostridia and other fermentative species may be present in the community at extremely low abundance.
Respiration is of particular interest because one of the major contaminants of the FRC, nitrate, is also an exceptional anaerobic terminal electron acceptor. FW106 gI (and possibly FW106 bI) uses a complete denitrification pathway for the conversion of nitrate and nitrite to N 2 (Figure 4 , brown pathways). The abundant supply of terminal electron acceptor, the apparent lack of fermentation activity in the community and the low dissolved oxygen content of the site (0.26 mg l À1 ) suggest an obligate respiratory community deriving energy primarily from denitrification. FW106 gI encodes genes for nasA (assimilatory nitrate reductase) and amt (ammonium uptake transporters), as well as genes for two ammonium assimilation pathways (glutamate dehydrogenase and glutamine synthetase/glutamate synthase) and associated regulatory mechanisms (ntrBC, glnBD).
No evidence for the presence of sulfate-reducing bacteria or dissimilatory sulfate reduction was observed in the FW106 metagenome. FW106 gI does, however, encode a complete assimilatory sulfate reduction pathway. Reduction of sulfite to sulfide appears to be possible in FW106 bI, but a complete dissimilatory sulfate reduction pathway is not identified in this species; instead, sulfur assimilation in bI may involve uptake and interconversion of sulfur-containing amino acids such as taurine.
Metabolic adaptation to stress A comprehensive list of genes relevant to survival under the unique geochemical conditions of FW106 is provided in Supplementary Table S3 . Adaptations observed for specific stressors are described as follows.
Nitrate stress. Extremely high levels of nitrate impose severe stress on the community through the generation of toxic nitrite, and appropriate genetic determinants are needed for survival and Figure 3 Odds ratios of FW106 genes compared to all sequenced bacteria for specific COG functional groups containing selected geochemical resistance genes. Asterisks indicate significant deviation from equality (ln odds ratio = 0) at the 95% confidence level by one-tailed Fisher exact test.
growth. Abundance profiling reveals an overabundance of narK nitrate/nitrite antiporters (COG2223, 10 genes), which transports nitrate from the periplasm to the cytoplasm where it is reduced to nitrite by NarG (DeMoss and Hsu, 1991) . Nitrite is then transported to the periplasm, again by NarK, where it is ultimately converted to N 2 by denitrification ( Figure 4 , brown pathways).
pH stress. Metabolic reconstruction suggests several possibilities for acid resistance response. Under acidic conditions, protonated organic acids freely permeate the cell membrane and dissociate within the cytoplasm, resulting in decreased intracellular pH and disruption of the chemiosmotic gradient (Bearson et al., 1997) . Maintenance of the chemiosmotic gradient under acidic conditions can be achieved by modulation of the intracellular pH by metabolism of organic acids, consumption of protons by amino-acid decarboxylation and/or by transport of protons and other small ions between the cytoplasm and periplasm (Bearson et al., 1997) . Several such systems are implied by the FW106 gI metabolic network, including proton and small ion transport and organic acid metabolism pathways (Figure 4 , orange pathways). Additional general stress response systems implicated in acid resistance (rpoS, gshB) were also identified. Although it is difficult to elucidate the acid stress response using genomic data alone, the metagenome does suggest possible mechanisms by which the FW106 community responds to acid stress.
Organic solvent stress. Degradation of organic contaminants typically requires specialized multistep pathways specific to a given class of compounds (Horvath, 1972) . The FW106 metagenome reveals several putative degradation pathways for dealing with specific organic contaminants present in the FW106 environment. In particular, FW106 g1 uses pathways for the degradation of 1,2-dichloroethene and acetone, major contaminants of the site (Figure 4 , cyan pathways). 1,2-Dichloroethene is a degradation product of tetrachloroethene, analysis of which has shown to be a major factor in controlling community structure in the FRC environment (Fields et al., 2006) . Additional pathways for the metabolism of methanol and detoxification of formaldehyde were also identified. Butanol may be degraded through the butyrate pathway, though not all of the necessary genes (for example, butanol dehydrogenase) are identified (Figure 4 ). In contrast, no complete pathways are identified for degradation of other major organic contaminants of the site, including aromatic compounds. The lack of specific degradation pathways in the FW106 community may be compensated for by more general stress response system such as the highly abundant AcrA/CzcA-like RFD multidrug efflux proteins.
Heavy metal stress. In contrast to organic contaminants, the metabolic mechanisms for resistance to heavy metal ions are relatively simple, typically involving (1) conversion of the ion to a less toxic form followed by efflux (for example, Hg 2 þ ), (2) export of the metal ion to the periplasm followed by reduction to a lower oxidation state and decreased solubility of the ion (for example, U 6 þ , Cr 6 þ ) and (3) export of the ion from the cell entirely (for example, Co 2 þ , Cd 2 þ , Zn 2 þ ) (Silver and Phung, 1996) . Many of the genes imparting these activities are known to be plasmid-borne and may easily be transferred between species (Silver and Phung, 1996) . The FW106 community contains a variety of heavy metal resistance systems, including CadA-like heavy metal translocating ATPases (17 genes, COG0598/ COG2217), ChrAB chromate efflux (4 genes,
efflux (14 genes, COG1230), mer operon mercuric resistance/regulation (35 genes, COG0789/COG1249/COG2608), TerC tellurium resistance (2 genes, COG0861) and CopRStype heavy metal responsive two-component systems (8 genes, COG0745/COG6042) ( Figure 4 , red pathways; Supplementary Table S3) . Heavy metals are predicted to represent a major stress on the community, and the abundance and diversity of predicted metal efflux proteins suggests that adaptation to metal stress may be of particular importance to community survival and has been a major factor in shaping the FW106 microbial community composition and structure.
Evolutionary processes affecting stress adaptation Positive selection, gene duplication and lateral gene transfer (LGT) are three main evolutionary processes that propel evolution, but debate remains regarding the relative importance of these processes in microbial genome and community evolution (Ge et al., 2005; Smets and Barkay, 2005) . The relative importance of positive selection, gene duplication and LGT in microbial community evolution is examined in detail using computational and experimental metagenomic data.
Positive selection. The high concentrations of multiple contaminants at FW106 are expected to exert strong selective pressures on the community. Multiple statistical analyses have been developed to identity the effects of selection on related sequences. The ratio of nonsynonymous (dN) to synonymous (dS) nucleotide substitutions is a common albeit conservative method for identifying positive selection (dN/dS 41) (Yang, 2003) . Metagenome-wide pairwise dN/dS analyses of FW106 genes compared to closely related reference genes from GenBank were conducted using the Nei-Gojobori (Nei and Kumar, 2000) and maximum likelihood (Yang, 1997) methods. Analysis shows no definitive evidence of positive selection at the genetic level and that most genes are instead under strong negative selection (results not shown).
A total of 6161 SNPs are identified from the assembled FW106 read libraries, corresponding to B1.2 SNP per kb. Of these SNPs, 2701 occur within coding sequences (835 synonymous, 1866 nonsynonymous). The overwhelming majority of the SNPs occur at low frequencies, almost always occurring only once in the assembled reads, suggesting clonal populations. This pattern of rare polymorphisms is consistent with models of recurrent selective sweeps, background selection and/or a recent population expansion (Nei and Kumar, 2000) , followed by gradual accumulation of nearly neutral mutations. To further differentiate between these models, we directly amplified five representative genes of interest from FW106 metagenomic DNA. The resulting amplicons were used to construct a clone library for sequencing and population genetics analysis ( Table 2) . None of the five loci contain SNPs in the assembled metagenome but do exhibit a range of diversity when sequenced directly (3-186 segregating sites). Whether this discrepancy reflects additional diversity lost in metagenomic sequencing or inclusion of closely related orthologs and/or paralogs is unknown. To test for evidence of positive selection, we determined several population genetics statistics commonly used to detect the effects of selection and drift based on polymorphism data (Tajima's D, which detects deviations from neutrality by comparing nucleotide diversity to the number of segregating sites (Tajima, 1989) ; Fu and Li's D and F, which are variations of Tajima's test extended to include out-group sequences (Fu, 1997) ; Fu and Li's F S , a neutrality test based on haplotype diversity (Fu, 1997) ; ZZ, a measure of linkage disequilibrium (Rozas et al., 2001) ). Negative values for Tajima's D and Fu and Li's D and F were obtained for all five loci, suggesting that negative selection has acted on these loci (Table 2) . ZZ values suggest a low rate of recombination among loci. In this situation, the purging of deleterious loci by negative selection would result in the loss of diversity in linked loci (background selection), which could explain the observed metagenome-wide loss of diversity. However, negative values for Tajima's D can also result from demographic effects of a recent population expansion, which would affect allelic diversity across the entire genome through the process of random genetic drift (Fu, 1997 ). Fu's F S statistic, which is sensitive to demographic effects, is significantly negative for four of the five loci, suggesting a recent population expansion. It thus appears that a combination of strong negative selection and a recent population expansion have reduced allelic diversity across the entire metagenome resulting in clonal populations, and positive selection appears to have little role in the microbial community evolution at the genetic level.
Lateral gene transfer.
LGT has been suggested to be the primary evolutionary process by which shortterm adaptation occurs in stressed soil communities (Rensing et al., 2002) . Previous studies suggest that LGT of geochemically relevant genes actively occurs between FRC populations (Martinez et al., 2006) . The FW106 metagenome permits a community-scale survey of such processes within an ecological context. Analysis of the major scaffolds (scaffold 4100 kb, 3901 genes in total) revealed 277 (B7%) putative alien genes using SIGI-HMM, a scoringbased method for identifying genomic islands using hidden Markov models (Waack et al., 2006; Langille et al., 2008) (Supplementary Table S4 ). A manual survey of mobile elements (for example, transposons, insertion elements, integrases) suggests a rate of B12 transpositions per Mb in the FW106 community. This is within the observed range of Xanthomonas species, the closest sequenced relatives of FW106 gI (Supplementary Table S5 ). These results suggest that the frequency of fixation of laterally transferred genes in FW106 gI is not significantly greater than in reference strains despite the stresses imposed on the cells. COG categories R (general function prediction only) and G (carbohydrate transport and metabolism) are significantly overrepresented in the laterally transferred gene data set compared to all major scaffold genes ( Figure 5 ).
Of particular interest are recently acquired genes fixed in the population as a result of contamination, as these genes are more likely to be relevant to survival under stressed conditions. Recent laterally transferred genes are expected to undergo little to no amelioration and thus are more likely to show distinct characteristics (for example, %GC, codon bias) compared to the genomic background (Lawrence and Ochman, 1997) . Several methods are used to identify recently acquired genomic islands in the major scaffolds (4100 kb) and a comprehensive list of putative transferred genes is provided in Supplementary Table S5 . Where statistical methods result in ambiguity, phylogenetic methods are used as well. Representative LGT events of geochemical interest are described below.
(a) Acetone carboxylase. The best example of a geochemically relevant LGT event observed in the community is the acquisition of at least one acetone carboxylation operon by FW106 gI (Figure 6 ). The predominant acetone metabolism pathway in bacteria, represented by Xanthobacter autotrophicus, involves the multistep conversion of acetone to acetyl-CoA, allowing the cell to subsist on acetone as the sole carbon source (Sluis and Ensign, 1997) .
LGT of the Xanthobacter-like acetone carboxylase Operon A is strongly implied by multiple lines of evidence. Discriminant analysis, SIGI-HMM and visual inspection show significant deviations in sequence characteristics (for example, %GC) in the operon from the genomic background (Supplementary Figure S4 ; Supplementary Table S6) . Phylogenetic analysis of the concatenated acetone carboxylase subunits suggests that the genes of Operon A are likely functional orthologs of the characterized Xanthobacter genes and further suggests a b-proteobacterial origin (Figure 6 ; Supplementary Figure S5 ). Finally, both operons are associated with transposons and other mobile elements ( Figure 6 ). Multiple lines of evidence thus suggest lateral acquisition of acetone carboxylase activity by the dominant g-proteobacterial species.
(b) Mercuric resistance (mer) operons. Mercury is a major contaminant at the FRC (de Lipthay et al., 2008) and mercuric resistance genes in general are known to be frequent targets of lateral transfer (Silver and Phung, 1996) . Supplementary Figure  S6 shows the distribution and arrangement of mer operon genes compared to the typical arrangement and gene complement of the mer operon (reference mer operon). Eight partial or complete mer operons as well as additional mer operon genes were identified in the FW106 metagenome (Supplementary Figure S6 ) and many of these gene clusters are associated with mobile elements and other metal resistance genes. The association of many of these operons with mobile element genes, the abundance of mer operon genes in the metagenome and shuffling of the mer operon genes within the metagenome suggest active lateral transfer of mercuric resistance within the population in response to mercury contamination.
(c) czcD divalent cation transporter. One of the most abundant genes in the FW106 metagenome encodes the CzcD efflux complex that transports divalent cations from the cytosol to the periplasm and ultimately to the cell exterior (in concert with CzcABC). The high abundance of these genes suggests they have a critical function in heavy metal resistance by the FW106 community. Phylogenetic analysis of FW106 czcD genes further suggests that some of these genes may have originated from a-Proteobacteria and Actinobacteria species (Supplementary Figure S7) , which are known to be Percentage of laterally transferred genes of the major scaffolds (>100 kb) based on SIGI-HMM prediction. 277 total genes were detected, 86 of which are assigned to COG categories (3901 total major scaffold genes, 2843 assigned to COG categories). COG categories significantly enriched in the LGT dataset compared to major contig genes (P40.05, binomial test) are indicated with an asterisk. present in abundance in pristine FRC groundwater communities (Fields et al., 2005) .
Discussion
The study of microbial ecology and evolution has been revolutionized by culture-independent metagenomic analysis (Handelsman et al., 2007) . In this study, metagenomic approaches were used to analyze the diversity, structure and evolution of a groundwater microbial community in an extreme low-pH environment contaminated with high levels of uranium, nitric acid, technetium and organic solvents. This represents the first metagenomic analysis focusing on the responses and adaptation of groundwater microbial communities to humaninduced environmental change. Because groundwater is a key limiting resource and its restoration after pollution is of major importance, the results from this study are of great interest to scientists from broad fields such as geochemists, biologists, ecologists, hydrologists, regulatory officials and policy makers. Both SSU rRNA gene-based cloning and random shotgun sequencing approaches reveal a very simple FW106 community with less than 13 OTUs and dominated by denitrifying g-and b-proteobacterial species. Previous studies have observed approximately B160 (97% cutoff) OTUs pristine groundwater from the FRC background site (FW300, 2 km away (Fields et al., 2005) ). These results suggest that anthropogenic chemical contamination has had a dramatic negative impact on microbial community diversity, with an order of magnitude reduction in OTU abundance.
The introduction of contaminants has not only dramatically reduced microbial community diversity at the site but has also had a significant effect on community metabolic diversity. Previous studies based on functional gene markers (nirS, nirK, dsrAB, amoA, pmoA) have revealed very high microbial functional diversity at the FRC (Yan et al., 2003; Palumbo et al., 2004; Fields et al., 2005; Hwang et al., 2009) , suggesting that the key biogeochemical functional processes such as denitrification, sulfate reduction, nitrification and methane oxidation exist in the subsurface environment. Also, several types of known metal-and sulfate-reducing bacteria (for example, Geobacter, Anaeromyxobacter, Desulfovibrio, Desulfitobacterium) have been observed in various FRC sites (Petrie et al., 2003; Brodie et al., 2006; Hwang et al., 2009) . However, metabolic reconstruction based on metagenomic sequencing suggests that the FW106 community has retained denitrification activity, but not dissimilatory sulfate reduction, metal reduction, nitrification and methane oxidation activities. However, due to potential undersampling and/or low abundance of these functional groups, direct functional activity analyses are needed to verify this finding.
Analysis suggests that specific contaminants at the site impose strong selective pressures that act to shape the structure of the community. Nitrate likely acts both as the primary terminal electron acceptor for the community and as the primary source of biological nitrogen. Furthermore, the high nitrate concentrations favor denitrifying species while suppressing the activity and abundance of sulfateand Fe-reducing bacteria at this site despite the fact that such bacteria are known to be active at the FRC. These observations, coupled with the loss of most complex carbohydrate metabolic activities, have resulted in a heterotrophic community that produces energy primarily through denitrification and/ or oxygen respiration. The FW106 community has also accumulated genes for degradation of specific organic contaminants including acetone and chlorinated hydrocarbons and may possibly be able to subsist on some of these compounds as carbon sources (for example, acetone). Finally, the complement and abundance of numerous heavy metal resistance systems (that is, czc divalent cation transporters, mercuric resistance genes, cytochromes implicated in dissimilatory metal resistance) is consistent with the hypothesis that heavy metal stress is a key environmental factor shaping the structure and function of the FW106 community. However, experimental analysis will be necessary to test this hypothesis.
Adaptation of biological communities to environmental stress is a critical issue in ecology. Metagenomic analyses indicate that the microbial community is well adapted to the geochemical conditions at this site as evidenced by the overabundance of key genes conferring resistance to specific contaminants. Nitrate, heavy metals (for example, divalent cations, mercury) and organic solvents (for example, chlorinated hydrocarbons, acetone) in particular have key functions in shaping the genome and community structure of FW106. Although the majority of microbial populations may have become extinct after the introduction of contaminants, certain community members with key metabolic activities related to denitrification and metal resistance survived to form the foundation of the new community. The results have important implications in understanding, assessing and predicting the impacts of anthropogenic activities on microbial communities ranging from human health to agriculture to environmental management, and their responses to environmental changes.
Sequence analysis revealed no definitive evidence for positive selection in the metagenome, though the extremely low allelic diversity and accumulation of geochemical resistance genes indirectly suggest recurrent selective sweeps. Complicating efforts to detect positive selection events is the possible role of niche differentiation in the FRC communities. The FRC site is a complex three-dimensional geochemical network where local geological conditions can have a significant effect on local geochemistry over short distances, possibly resulting in the formation of ecological traps (Dwernychuk, 1972; Phillips et al., 2008) . As such, mutations in a particular genetic background may only confer adaptive phenotypes in a very specific niche or micro-niche (Sokurenko et al., 2004) . Thus, further work, including high-resolution temporal and spatial metagenomic sequencing, is necessary to verify the adaptive processes at work in stressed groundwater ecosystems. In addition, many genes important to geochemical resistance appear to have been laterally transferred within the community, and thus
LGT could be important in the adaptation of the microbial community to contaminant stress. However, it is not clear whether these events occurred before or after the introduction of the contaminants, the latter of which would indicate adaptation in response to contaminant-induced stress. The working hypothesis is thus that most of the observed LGT events were fixed in the population in response to contamination and hence likely occurred after the introduction of contaminants to the site. Alternatively, the LGT events could have occurred before introduction of contamination and only existed at low frequency until selected for after the introduction of contaminants. However, the currently available FRC metagenome sequence data are insufficient to resolve this issue. Whole-genome sequencing of culturable isolates from other contaminated and noncontaminated sites as well as targeted metagenome sequencing designed to establish temporal and spatial relationships between FRC sites will be needed to test this hypothesis.
